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Synopsis 

Epoxy network systems based on DGEBA and dicyanodiamide (DDA) and modified with a 
low molecular weight rubber (CTBN) were prepared and characterized. The kinetics of the 
adduct formation is followed using GPC analysis. The phase separation of the rubber phase 
is evidenced with DSC and SEM for all samples up to 20% CTBN. The GPC analysis of the 
soluble fraction demonstrates a chemical modification of the network. The mechanical prop 
erties and specially the impact strength behavior are enhanced with CTBN, but exhibit a 
maximum for 15% CTBN. In connection with SEM of fracture surfaces, these results are 
discussed and both modification of the rubber morphology and decrease in crosslinking density 
are taken into account. 

INTRODUCTION 

It has long been known that the fracture toughness of thermoplastics or 
thermosetting resins is considerably improved with small rubber particles 
dispersed in the polymer.' 

The effect of the particulate elastomeric modifiers on the fracture be- 
havior of epoxy networks was studied, previously by McGarry and co-work- 
em2 and then by different authors.- These investigations have shown that 
when an elastomer, generally a low molecular weight carboxyl-terminated 
butadiene acrylonitrile copolymer (Hycar CTBN), was copolymerized with 
the epoxy prepolymer prior to gelation, a uniformly dispersed phase of small 
rubber particles was formed in situ. These particles, with diameter of a few 
microns or less, enhance the toughness of the unmodified epoxy network 
by several orders of magnitude. The toughening mechanism involves triax- 
ial dilation of the rubber particles at the crack tip,2 particle elongation: 
and plastic flow of the epoxy matrix.' 

Type and concentration of hardener, curing temperature, kind of rubber, 
rubber content, and initial rubber molecular weight, concentration of bis- 
phenol A were extensively studied2p8 and are known to influence the com- 
position and size of particles which, in turn, change the fracture energy. 

Cyanoguanidine or dicyanodiamide (DDA) is a solid hardener with a high 
melting temperature (207°C) and with a poor solubility in epoxy prepolymers 
(0.06% at 30°C). The reaction of DDA with a diglycidyl ether of 
bisphenol A (DGEBA) epoxy prepolymer is very intricate.lOJ1 Even formu- 
lations with this curing agent are often used in adhesives and fiber-rein- 
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forced plastics; few publications report the properties of these rubber 
toughened epoxy  network^.^ 

The aim of this work is to develop a better understanding of the ways in 
which rubber concentration affects the network morphology. The mechan- 
ical properties and specially the impact strength are discussed in relation 
with the morphology, the particle volumic fraction of rubber, and the mod- 
ification of the matrix. 

EXPERIMENTAL 

Materials 

The chemical products used in this work are listed on Table I. 

Techniques 

Formulations and soluble fractions were characterized by gel permeation 
chromatography (GPC) on a Waters apparatus with THF as elution solvent. 
Eluted macromolecules were observed simultaneously by refractive index 
(RI) and by ultraviolet absorption (A = 254 nm). 

Microcalorimetric measurements were recorded with a DSC Mettler 
TA3000. Dynamic mechanical properties were observed by mean of a Rheo- 
vibron RVIIB viscoelasticimeter (Toyo Baldwin) with a heating rate of 1°C 
min-l at 11 Hz. A Charpy instrumented setup12 lead us to study the impact 
toughness. Scanning electron micrographs (SEM) on fracture surfaces were 
obtained with a JEOLT.200 apparatus. 

Preparation of Samples 

Curing Conditions. DGEBA is mixed, with 11 phr of DDA and 1 phr of 
BDMA at 60°C for 2 h, in a glass vessel under a primary vacuum. 

These proportions are in agreement with a stoechiometric ratio of 1 if 
we assume a functionality of 4 for DDA; but, in fact, recent works indicate 
a more complex mechanism.lOJ1 

The final properties of the network formed depend strongly on the cure 
t empera t~ re .~ .~  We have chosen a cure cycle of 1 h at 140°C; DSC mea- 
surements show that, in these conditions, the chemical reaction is mostly 
ended (no exothermal effect). 

The choice of this low cure temperature is to prevent possible oxidation 
and degradation of the CTBN. 

Preparation of the Adduct. Epoxy and rubber prepolymers are pre- 
reacted to insure the formation of an epoxy-rubber intermediate and to 
promote the blending of these prepolymers before curing. The mechanism 
of this reaction has been discussed by Siebert and Riew13 and Riew et a1.3 

A large amount of this adduct is prepared at 8SC, with mechanical stir- 
ring under a nitrogen flow, using triphenylphosphine (0.25 phr) as catalyst. 
In order to have an excess of epoxy, the epoxy/carboxyl ratio is chosen to 
equal to 14. 

To insure that all CTBN molecules are end-capped with a DGEBA mol- 
ecule, we follow the advancement of the reaction by GPC. Figure l shown 
the UV and RI chromatograms for an aliquot, the pure CTBN does not 



RUBBER-MODIFIED EPOXY NETWORKS CURE 2957 

Xn v-v-v @ En 

I 

I ;  7 
X- 

I 

I 

I 

V 

3-8 
g 
0 

z I 
0 -! 

I 
2; 

8 
I 

8 
f 

2 z  
I 

X- 
u_ 
I 

u-u 



2958 BARTLET, PASCAULT, AND SAUTEREAU 

Fig. 1. GPC analysis of DGEBA-CTBN blends: (a) CTBN peak; 6) CTBN peak (- - - -) after 
15 min at  85°C and (-4 after 4 h at 85°C. 

absorbing the 254 nm radiation. After reaction an absorption peak arises 
due to the presence of the aromatic ring on the DGEBA-nd-capped CTBN. 
The ratio of the absorption surfaces UV/RI vs. time (Fig. 2) means that 
after 4 h at 85°C the reaction is quite complete. For a longer time, or at 
higher temperature, we think that we could have grafting due to the by- 
side reaction 

OH + -CH-CH, 
\ /  
0 

The adduct is stored at - 18°C and used in appropriate amount to obtain 
final products with the desirable concentration in CTBN. The curing con- 
ditions are similar for all samples. The plates are stored at room temper- 
ature in a dark and dry atmosphere. So, with time we observed no evidence 
of chemical and physical ageing which may occur in such systems.14 

RESULTS 

Kinetics of the Phase Separation 

The phase diagram of the blend DGEBA end-capped CTBN + DGEBA 
is studying using the cloud points measurements. Our results are quite 

Fig. 2. Kinetics of the adduct formation, in bulk at  85'C using GPC analysis. 



RUBBER-MODIFIED EPOXY NETWORKS CURE 2959 

similar to those of Wang and Zupko15 obtained on CTBN + DGEBA blends. 
At 140°C for all blends we have initially a one-phase system. During the 
cure the phase separation occurs in competition with the network formation. 
The two processes are responsible for the final morphology but previous 
work4 indicates that morphology development is arrested at gelation. 

We determine the time at which phase separation occurs by DSC mea- 
surements with the use of 2 T, = 2 phases criterion. 

Reactive mixtures in caps are cured, in the DSC apparatus, for various 
time t, at 140"C, quenched at liquid nitrogen temperature and then analyzed. 
The results are shown on Figure 3 for a 15% CTBN blend. 

The single glass transition exhibited on curves (c) and (d) of Figure 3 
confirms that the initial system is homogeneous at 60 and at 140°C. 

The glass transition temperature of a second rich-CTBN phase ( TgR) begins 
to appear after 5 min of cure at 140°C. After 10 min at 140°C the heat 
capacity change AC, at TgR becomes constant, showing that the amount of 
CTBN in the separate phase does not change. 

In the state of our knowledge it is very difficult to know if phase separation 
arises before gelation or after and further investigations will be necessary. 

Characterization of Soluble Parts 
In order to study the chemical properties of the network we have per- 

formed the extraction of soluble parts in THF, with a Soxhlet setup. The 
kinetics of extraction depends strongly on the shape of the samples and on 
the CTBN content. 

Using GPC analysis it is possible to separate the "DGEBA end-capped 
CTBN" peak from the other soluble products: DGEBA, DDA, and low mo- 
lecular weight species (arising from the chemical reaction). Usually it is 
difficult to distinguish, in THF, the DGEBA peak from the DDA, but, with 

-do -ti3 -4b  b r-c 
Fig. 3. DSC analysis: (a) pure CTBN; (b) pure DGEBA. Evolution of phase separat,ion with 

time of cure at 140'C: (c) initial mixture 15% CTBN, mixed 2 h at 60°C; (d, e, f, g, h, i) t = 
1-30 min. 
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TABLE I1 
GPC Analysis of the Soluble Parts in THF 

0 5 10 15 17 20 

DGEBA 4.4 4.8 6.2 6.9 8 14.2 
DDA 0 0 0 2.5 7 15 
CTBN 0 0 0 1.5 6.8 10 
Total 3.2 3.2 3.4 4.0 7.3 12.1 

the twodetector apparatus (cf. Techniques) it becomes easy due to the fact 
that the DDA does not absorb the 254 nm radiation. The results are sum- 
marized in Table 11. 

For the blends up to 10% CTBN, the total extraction ratio is nearly 
constant, DDA and DGEBA-end-capped CTBN being not pointed out. 

From 15%, the soluble parts are made with all reactants and the ex- 
traction ratio is strongly increasing. 

So,.these experiments demonstrate that the crosslinking density of the 
rubber-modified epoxy networks decreases when the initial CTBN content 
becomes >15%. On the other hand, the amount of DGEBA-end-capped 
CTBN which is not linked to the network probably decreases the adhesion 
between the two phases. 

Composition and Dimensions of the Rubber Phase 
Using DSC analysis the phase separation is qualitatively shown 

(Tgd T',) for all the samples except the 5% CTBN (Fig. 4). On the other 
hand, SEM (Fig. 5) shows nodular morphology even for the 5% CTBN. So 
we think that there is a lack of precision of DSC measurements which are 
not able to determine TgR,on this sample. 

Up to 15% CTBN by weight TgR is similar to those of pure CTBN, and 
for 17 and 20% TgR is increasing due probably to the presence of DGEBA 
(crosslinked or not) in the rubber phase. 

In order to appreciate the toughening effect due to the CTBN domains 
we have to estimate the volumic fraction (+J, the average diameter and 

t 

I 
1 - I d 0  0 I d 0  zdo r'c 

Fig. 4. DSC analysis of DGEBA-CTBN samples cured 1 h at 140°C. 
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Fig. 5. Morphology of rubber-epoxy networks. SEM-scale bar = 10 pm; (b, c, d, e, 0 5, 
10, 15, 17, 20% CTBN. 

the size distribution of this separate phase which are important parame- 

There are many well-known models and equations based on the deter- 
mination of Tgd Tg2 ACp17-19 to determine the relative compositions. But 
the lack of precision of DSC analysis, the presence of DGEBA (T, = -20°C) 
or epoxy network (T, = 118"C), in this rubber phase lead us to calculate 
an order of magnitude of +" only with the simple equation of FOX." The 
results are summarized in Table 111; calculations are made with T, CTBN 
= -60"C, T, pure network = 118"C, and assuming the density of pure 
CTBN phase is equal to those of liquid CTBN (0.948). 

The quantitative evaluation of phase separation with SEM is rather dif- 
ficult, considering that the fracture is not plane, and the crack, certainly, 

ters.12.4.16 
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TABLE I11 
Influence of CTBN Content on Average Diameters, Dispersion, and Volumic Fractions of 

the Rubber Phase 

% CTBN 5 10 15 17 20 

2.5-15 5-20 Average - diameter (pm) 1.7 2.2 3.5 
AD (pm) (estimated) 0.2 0.3 0.5 
4" (SEW (%) 1.5 4.4 9.6 
4" (DSC) (%I 4.3 10 15 13.5 16 

does not reveal all the particles. The average apparent diameters and the 
estimate dispersion are listed in Table 111. 

We notice relatively small diameters for blends up to 15% with a narrow 
dispersion (see Fig.5) and, the opposite for 17 and 20% CTBN, bigger par- 
ticules with a broad dispersion. 

These two methods show that the degree of phase separation in the rubber 
phase is very important up to 15% and less after. 

Composition of the Epoxy Matrix Phase 

The presence of CTBN in the epoxy matrix phase is evidenced by the 
continuous lowering of TgE from 118.5 to 95°C (Fig. 4). Relaxation spectra 
at high temperatures are shown in Figure 6. 

We observe a decrease of the modulus with the CTBN content. The loss 
tangent peaks associated with the glass transitions observed by DSC show 
a strong broadening of the relaxation times distribution at 17 and 20% 
CTBN. These observations may demonstrate that the rubber-epoxy inter- 
phase is not the same. The important amount of soluble fractions proves 
that the epoxy matrix phase is strongly affected. This broadening would be 

I -7  

Fig. 6. Influence of CTBN content on dynamic mechanical properties: (a, b, c, d, e, 0 0, 5, 
10, 15,17, 20% CTBN. 
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I f (mm 

Fig. 7. Three points bending test at room temperature. Influence of the CTBN content on 
stressdeflection curves; (a, b, c, d, e, 0 0, 5, 10, 15, 17, 20% CTBN. 

due to the composition heterogeneity and the decrease of the network cross- 
linking degree. 

Mechanical Properties and Toughening Effect 

A strong, nonlinear toughening effect due to the presence of rubber par- 
ticles is evidenced using a three-point bending test (Fig. 7) and a Charpy 
instrumented impact test (Fig. 8). The impact resilience of the pure epoxy 
matrix (10 kJ/m2) becomes 33 kJ/m2 at the maximum which corresponds 
to 15% of initial CTBN. The use of an instrumented setup12 allows us to 
analyze the absorbed energy. As with Adams and WuZo the total energy 
may be separate in two parts: the first, Wi, the energy of initiation (work 
done to reach the greatest applied stress), and the second W,, the energy 
of propagation. 

The balance between Wi and W, gives us information about the mecha- 
nism of deformation and the absorption of energy during the impact. We 

Fig. 8. Charpy instrumented impact test at room temperature. Load-time curves: (a, b, c, 
d, e, 0 0, 5, 10, 15, 17, 20% CTBN. 
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Fig. 9. Evolution of the energy of initiation (wi)  and propagation (wJ for Cl'BN-modified 
epoxies. 

observe (Fig. 9) only small variations in W, but we remark that the tough- 
ening effect is mainly due to the increase in W, with a maximum at 15%. 

This phenomenon is interpreted's6 with the stress concentration effect of 
the rubber particles associated with the creation of crazes (stress whitening 
is observed), which slows down the apparition of cracks, and thus a greater 
stress may be reached at a greater deflection. 

DISCUSSION AND CONCLUSION 

It is usually admitted that there is a toughening effect up to 20% of 
rubber and a flexibilizing one between 20 and 50%.5 

a 

C 

Fig. 10. Influence of CTBN on SEM fracture surfaces; (a, c) 0,10%; scale bar = lmm. 
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A linear reinforcement with particle volumic fraction is found by several 
authorsl6S2l and the existence of a maximum is described by Bascom et aL6 
and Rink et a1.= 

Here, in this study with the particulate system DGEBA-DDA, we observe 
an optimum of the chemical properties for 15% of initial CTBN. 

This toughening effect, according to many authors, is due to the presence 
of small rubber particules (between 1.7 and 3.3 pm) with a narrow size 
distribution. The DSC analysis and relaxation spectra show that the rubber 
domains contain mainly CTBN; the network is not too modified by the 
presence of CTBN, as shown by the nearly constant extraction ratio. This 
reinforcement is well exhibited on fracture surfaces. 

Figure 10 shows the fracture surface of pure epoxy network with fibrils 
in steplike fracture.’ This failure process is strongly modified by rubber 
particles and rough fracture surfaces are exhibited. In Figure 11 we can 
see cracks between rubber particles and plastic deformation zones around 
the cavities. 

The observations are in good agreement with the evolution of Wi. 
Beyond 15% we don’t observe an improvement of the mechanical prop 

erties but a dramatic fall, and this may be explained considering both the 
change in the rubber particles morphology and size and the structural 
modifications of the network. 

C 

e 

Fig. 11. Details of SEM fracture surfaces near rubber particles; (c, e) 10, 17% CTBN; scale 
bar = 10 pm. 
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For 17 and 20% of CTBN the particles size increases but especially the 
size distribution (Figs. 5(e),(O. As indicated by the decrease of Tg, DGEBA 
macromolecules, linear, grafted, or crosslinked, are present in the rubber 
domain, giving such big and heterogeneous particles. An example of the 
complex structure of a rubber particle is shown on Figure ll(e). This mi- 
crograph reveals that the particle is not pulled out but cut by the crack. 

As demonstrated by the extraction ratio, the degree of crosslinking of 
the network is strongly affected by the presence of CTBN beyond 15%, and, 
thus, these two concomitant effects explain that the 17 and 20% CTBN 
materials are so brittle, more than the pure network. 

This study exhibits a new parameter in the impact toughness of rubber- 
epoxy networks: the modification of the network itself, due to the presence 
of a large amount of CTBN. 

In this complex chemical system, with DDA as curing agent, the mor- 
phology of the rubber domains is the result of a competition between the 
phase separation and the crosslinking kinetics. Further investigations will 
deal with the influence of the stoechiometric ratio and cure cycle on the 
morphology of the final material, in connection with mechanical properties. 
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